SA. TGF-␤-and CTGF-mediated fibroblast recruitment influences early outward vein graft remodeling.
connective tissue growth factor; transforming growth factor-␤; vascular remodeling; hemodynamics; wall stress THE LINK BETWEEN VASCULAR adaptations and the local hemodynamic environment has been firmly established (11, 12) . After vascular injury, luminal shearing forces have been shown to impact both geometric remodeling and the development of intimal hyperplasia. An important application of these concepts has been in the clinical area of vein graft adaptation. Placement of a venous conduit to the arterial system leads to an acute alteration in the surface shear stress. Work from our group (8, 17) , as well as from other investigators (26, 36) , has demonstrated that the nature and magnitude of the shear influence both the rate of intimal growth and morphology of the graft wall.
Less well studied is the influence of wall stresses within the vascular wall on vessel growth and adaptation. The pioneering works of Wolinsky and Glagov (43) and others (25) serve as a foundation for understanding the vascular wall response to mechanical forces, although the transferability of these concepts to the vein graft scenario remains to be defined. Although in vitro systems have demonstrated that alterations in tensile forces induce marked changes in arterial smooth muscle cell structure and metabolism (1, 28) , intact vein grafts in an in vivo environment offer significant complexity to these simple concepts. Influenced simultaneously by intraluminal pressure, wall thickness, and luminal diameter (6) , defined experiments to estimate intramural wall stress and understand its impact on the remodeling process have been limited.
Unique in the vascular system is the acute physiological perturbations that result from implantation of a vein graft into the arterial circulation. Although increased wall shear promotes luminal expansion, elevated circumferential wall stress supports wall thickening and stabilization of the lumen size. These competitive processes within the remodeling vein graft have been examined by several investigators, and limited outward expansion and wall thickening in response to the intramural forces are suggested to be the dominant factors (7, 35, 44 ). Yet to be explored are the structural changes within the vein graft that stabilize the wall to these elevated intramural wall stresses and the underlying mechanistic pathways that drive these adaptations. Characterization of these events holds substantial clinical relevance, since vein graft failure is now recognized as the result of not only neointimal hyperplasia but also unchecked negative remodeling by the entire conduit wall (29) .
Using a vein graft-fistula configuration to isolate the impact of wall stress (independent of shear), we identify the reorganization of adventitial myofibroblasts as the dominant histological event that limits outward remodeling of vein grafts in response to elevated circumferential wall stress. Recent investigations have suggested that the transforming growth factor (TGF)-connective tissue growth factor (CTGF) axes are important regulators of adventitial remodeling. As such, we hypothesize that increased production of TGF-␤ and CTGF induces recruitment of myofibroblasts, promotes adventitial reorganization, and limits outward remodeling in response to increased intramural wall stress.
METHODS
Animal model. This study was performed after securing approval from the Institutional Animal Care and Use Committee and conforms to the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication no. 85-23, revised 1996) .
Male New Zealand White rabbits (3.0 -3.5 kg; n ϭ 28) were anesthetized with ketamine hydrochloride (30 mg/kg) and inhaled isoflurane (2.5ϳ3.0%). Heparin (1000 units) was given intravenously, and the contralateral jugular vein was harvested and implanted into the common carotid artery, as previously described (17) . An arteriovenous fistula was created 2-cm distal to the vein graft using the ipsilateral jugular vein. Distal carotid ligation was then performed to equalize the flow rates within the vein graft and fistula vein segments (Fig. 1) .
Graft and fistula veins were harvested at 1 (n ϭ 10), 3 (n ϭ 6), and 7 days (n ϭ 6) after implantation, with 50 mg/kg bromodeoxyuridine (BrdU) administered 24 h before harvest. Normal jugular veins (n ϭ 4) were harvested for histological controls, and sham-operated vein segments (n ϭ 4) were used for RNA and protein assay controls. Flow rates were recorded at the time of graft implantation and harvest by an ultrasonic flow meter (2.0-mm flow probe, T106; Transonic Systems). High-resolution video images (model DXC-151A; Sony) were obtained at both graft placement and harvest and used to determine external graft dimensions. At the time of harvest, pressure waveforms in the ascending aorta, midvein graft, fistula hood (near to anastomosis), middle fistula, and proximal fistula (near bifurcation) were recorded with a micro-tip catheter transducer (1.4-Fr SPR-671; Millar Instruments). All hemodynamic measurements were obtained with the animals under general anesthesia, a potential source of deviation from awake physiological values.
Morphological analyses (Axiovision version 3.1; Zeiss) were completed with in vivo external graft diameter and cross-sectional measurements on Masson-and van Gieson's elastin-stained specimens, as previously described (8) . To minimize the influence of flow disturbances around the anastomoses, tissue segments within 5 mm of the anastomoses were excluded from analyses. Mean circumferential wall stress (S) was estimated, neglecting the time-dependent component of the intraluminal pressure waveform, using the equation S ϭ PR/h, where P is the mean intraluminal pressure, R is the lumen radius, and h is the wall thickness.
Immunohistochemical and TUNEL analyses. Proliferating and apoptotic cells were identified by use of an antibody to BrdU (Zymed) and an in situ cell death detection kit [transferase-mediated dUTP nick end labeling (TUNEL); Roche] on formalin-fixed sections. Nuclear counting was performed in six high-power fields, evenly divided along the circumference of the lumen. Propidium iodide staining was used to obtain total nuclear density, and data were expressed as the ratio of stained to total nuclei within the intima/media or adventitial regions. Adventitial thickness was defined as 50 m from the external elastic lamina. Samples were stained for ␣-actin as previously described (17) .
The area of ␣-actin staining within the adventitia was evaluated in six high-power fields by computer-aided morphometry and expressed as a percentage of total area. Antibodies utilized for TGF-␤ 1 detection were mouse anti-human TGF-␤1 (1:80; R&D) and biotinylated goat anti-mouse (1:200; Caltag Laboratory). Avidin-biotin complex and diaminobenzidine kits (Vector) were applied to visualize the specific staining, with hematoxylin counterstain.
Real-time PCR and ELISA assay. Total RNA was isolated, and TaqMan RT-PCR was performed as previously described (16), using the following primers: for TGF-␤ 1, AAGGGCTACCACGCCAACT (forward), CCGGGTTGTGCTGGTTGT (reverse), and AGTACA-GCAAGGTCCTGGCCCTG (6-FAM-labeled probe); for CTGF, TCCAAGCCGGTCAAGTTTG (forward), TGCATACTCCGCAG-AACTTAGC (reverse), and TGGCTGCACCAGCGTGAAGACG (6-FAM-labeled probe). RT-PCR was simultaneously run for 18S RNA on all samples to normalize sample loading. The comparative cycle threshold method was used for analysis (with results expressed as relative fold change vs. that shown in sham-operated jugular vein).
Protein extraction from frozen specimens was performed in 0.05 M Tris (pH 7.5) and 0.2% Triton X-100 using a mortar and pestle. A TGF-␤ 1 immunoassay ELISA kit (R&D) was used to determine total TGF-␤ 1 protein content.
Cell migration. Rabbit aortic smooth muscle cells (passages 2-4) were serum starved for 24 h, and migration assays were performed with a modified Boyden chamber assay (HTS Transwell, Corning). Cells (250,000/well) were added to the upper chamber, and chemoattractants (TGF-␤ 1: 5, 10, and 20 ng/ml; CTGF: 10, 25, and 50 ng/ml) and FCS or serum-free medium were added to the lower chamber. After 5 h, cells were scraped from the upper surface, the membrane was fixed with methanol, migrated cell nuclei were stained with hematoxylin, and cell counts were performed (ϫ1,000, 5 fields for each condition). Each assay was performed in quadruplicate.
Statistical analysis. All data are expressed as means Ϯ SE. Comparisons were done with the use of Student's t-test or ANOVA and Tukey's post hoc analysis, with P Ͻ 0.05 considered significant.
RESULTS
Hemodynamics and morphology. Implantation of a vein graft in series with an arteriovenous fistula resulted in an approximately fourfold differential in mean intraluminal pressure between the two venous conduits (Table 1) . Influenced predominately by the difference in pressure, intramural wall stress within the vein graft was significantly elevated over those stresses within the fistula vein. After implantation, both the vein graft and fistula vein demonstrated an increase in luminal diameter; however, significant attenuation in outward remodeling was noted in the vein graft by day 7 (P ϭ 0.02, Table 1 ). After distal carotid artery ligation, flow rates were identical through both conduits, averaging 80 Ϯ 20 ml/min Fig. 1 . Experimental model. With the use of the cuffed anastomotic technique, external jugular vein was interpositioned into the contralateral common carotid artery. The ipsilateral jugular vein was then connected to the distal common carotid artery in an end-to-side anastomotic fashion. A ligature placed distal to the fistula directs equivalent amounts of blood flow from vein graft to the fistula vein. As demonstrated by the recorded pressure waveform, the fistula anastomosis causes marked pressure drop and consequently creates a differential pressure load between the vein graft and fistula vein. over the 7-day experiment. Among the strengths of this model is the ability to expose vein segments to divergent intramural wall stresses, while maintaining a uniform shear environment (day 1: 38.4 Ϯ 8.9 vs. 36.3 Ϯ 5.3 dyn/cm 2 , vein graft vs. fistula; P ϭ not significant).
Histological evaluation of vein grafts and fistula veins demonstrated notable differences in their adaptive remodeling (Fig. 2) . In response to the elevated wall stress, vein grafts exhibited a prominent reduction in medial cellularity, which was not observed in the low-stress, fistula vein segments. TUNEL analysis supported enhanced apoptotic cell death within the intima/media of vein grafts as the underlying mechanism for this difference (day 1: 53 Ϯ 6% vs. 24 Ϯ 4%, vein graft vs. fistula; P ϭ 0.02). This was further confirmed with ␣-actin immunostaining, demonstrating a decellularized ␣-actin-negative space between the layers of intima and media in the day 7 vein grafts ( Fig. 2) .
Exposure to differential wall stress resulted in a marked difference in the distribution and density of ␣-actin-positive cells (Fig. 2) . Vein grafts demonstrated substantial ␣-actinpositive cells in the adventitia, whereas normal jugular vein and fistula vein segments displayed ␣-actin staining exclusively within the media. Computer-aided morphometry confirmed this finding, with a significant increase in the fraction of ␣-actin staining within the adventitia after 7-day exposure to elevated wall stress (3.8 Ϯ 1.1% and 0.6 Ϯ 0.3%, vein graft vs. fistula; P ϭ 0.03). Cell death and proliferation (Fig. 3) , as identified by BrdU-and TUNEL-labeled cells, were modest and not significantly influenced by the magnitude of wall stress. However, a modest increase in cellularity was observed in vein grafts at day 7. Quantitatively, elevated wall stress resulted in a 36% increase in the nuclear density in the adventitia of vein grafts compared with the fistula veins (P ϭ 0.04).
Expression of the profibrotic growth factors. Recent investigations have suggested that TGF-␤ 1 -induced CTGF production by medial smooth muscle cells is critical in the recruitment of adventitial cells and conversion to myofibroblasts (19, 22, 31, 34) . In response to increased wall stress, vein grafts demonstrate a significant, early increase in TGF-␤ 1 mRNA expression ( Fig. 4A ; P ϭ 0.01), followed by a delayed rise in TGF-␤ 1 protein production ( Fig. 4B ; P ϭ 0.05). Conversely, with changes in TGF-␤ 1 expression and protein content within the low wall stress, fistula vein segments are limited. Consistent with the established role of TGF-␤ in CTGF production, CTGF mRNA expression mirrors TGF-␤ 1 protein production, demonstrating an increase at day 7 in the vein grafts specimens ( Fig. 4C ; P ϭ 0.03). Immunohistochemistry (Fig. 5) demonstrates positive immunogenic reaction of TGF-␤ 1 in the adventitia of vein grafts, supporting higher TGF-␤ 1 protein production in the vein grafts by cells in the adventitia. A similar immunohistochemical staining pattern was observed for CTGF, with localization primarily in the vein graft adventitia.
Cell migration. A modified Boyden chamber assay was used, establishing a role for TGF-␤ and CTGF in ␣-actinpositive cell migration (Fig. 6 ). TGF-␤ 1 and CTGF independently induced cell migration to a level equivalent to 10% FCS. The chemoattractant effect of CTGF was dose dependent. The combination of TGF-␤ 1 and CTGF demonstrated no additive or synergistic effect within the dosing range tested.
DISCUSSION
Observations on vein graft remodeling have identified that hemodynamic forces (wall shear and tensile stresses) are the primary stimuli that induce active reorganization of the graft wall, leading to permanent changes in vascular mass and/or dimension (5, 24) . Although significant progress has been made in the understanding of shear stress-regulated vein graft adaptations (2, 10, 16, 27) , insights into how wall stress modulates the remodeling process remain limited. Several models, including flexible membrane cell culture systems (40), ex vivo perfusion culture (23, 30) , and external sleeve support (14, 37) , have been created in an attempt to address these questions. However, the application of these models is restricted by the inability to study the complex interaction among various components that comprise the intact vessel wall or creation of a nonphysiological system that deviates substantially from clinical reality. To this aim, we developed a vascular reconstruction that used a vein bypass graft placed in series with a distal fistula, with distal ligation to equalize the flow environment (and thus wall shear) in the presence of a fourfold differential in intramural wall stress within each conduit vein.
In our seeking to understand the potential mechanisms of the impeded outward remodeling in the vein grafts loaded with high wall stress, we explored the adaptive process of the early graft wall. Specifically, we examined how wall stress regulates the expression of the profibrotic growth factors and the responses of the adventitial cells to these molecular signals. Our data demonstrated that 1) elevated wall stress augments the production of TGF-␤ and CTGF, 2) increased TGF-␤ and CTGF expression is correlated with the enhanced differentiation from fibroblasts to myofibroblasts, as evidenced by the significant increase in the ␣-actin-positive cells in adventitia, and 3) the levels of TGF-␤, CTGF, and ␣-actin are inversely correlated with the magnitude of outward remodeling of the graft wall.
A shortcoming of the present study is the focus exclusively on the early event in vein graft adaptation, a result of an important limitation in our present animal model. Whereas other investigators have published longer-term studies that used a similar fistula-graft configuration, our experience with this construct when used with a rigid, cuffed anastomosis reveals substantial neointimal hyperplasia at these anastomoses and limited long-term graft durability. Although this "cuffed" technique offers a rapid method for creation of an anastomosis, limiting ischemia and injury to the graft and producing a very reproducible model (17) , our present observations present a recently recognized limitation of this approach (15) . Although altered intramural wall stress and turbulent flow across narrow anastomoses are possible etiologies underlying this aggressive hyperplastic response within these cuffs, further experimentation is required to clearly define these mechanisms. As such, this temporal variation in shear at these later time points negatively impacts the utility of this model for longer-term studies.
Recent insights into arterial wall remodeling have led to the emerging concept that the "adventitia acts as a biological process center for the retrieval, integration, storage, and release of key regulators of vessel wall function" (38) . The resident fibroblasts play a key role in these processes through sensing the stimuli, initiating the changes in their function and phenotype, and reorganizing the adventitial structure (39) . This concept has been addressed in pathogenesis of both pulmonary hypertension (38) and postangioplasty restenosis (20, 21, 33 ). An apparatus composed of intracellular actin microfilaments, adaptor proteins (such as transmembrane integrins), and extracellular fibrils acts as a biomechanical sensor to initiate the propagation of several intracellular signaling pathways, resulting in biological adaptation to the perceived stimulus (41) . This is of particular importance in the response to increased stress and strain within the vascular wall. Several in vitro studies have demonstrated that tensile force is a sufficient and necessary factor that induces the differentiation from fibroblast to myofibroblast and the synthesis of the contractile protein ␣-actin (4, 18, 42) . Under physiological conditions, the matrix Fig. 3 . Early cell death and delayed cell proliferation was observed in the adventitia of both vein grafts and fistula veins. Despite similar apoptotic and proliferation rates, the adventitia of vein grafts demonstrated significantly higher cellularity than that of fistula veins, indicating cell recruitment from the paravascular tissues. BrdU, bromodeoxyuridine; D, day; TUNEL, transferase-mediated dUTP nick end labeling. network protects fibroblasts from the loaded stretching, called "stress shielding" (41) . Increased wall stress disrupts the "stress-shielding homeostasis," therefore causing the conformational changes of integrin-ligand pairs and activating intracellular signaling pathways, such as NF-B, ERK, and JNK, (13, 37) , which lead to the proliferation, differentiation, and synthesis of contractile proteins. Coupled with matrix reorganization and attachment to the migrating cell, the newly assembled structure provides a mechanism to accommodate this increased mechanical load (9, 41) . A component of this stressshielding concept is the inherently different intrinsic mechanical properties (e.g., elastic modulus) that characterize the media and adventitia of the vein graft and the resulting differential in mechanical loading within these two adjacent regions. It is interesting to speculate that this differential in wall stress influences the local cell kinetics for each of these compartments and, similar to the observations of other investigators within arterial beds, contributes to the dissimilar rates of medial and adventitial apoptosis and proliferation identified in our study.
Similar to what has been reported in other systems, the present study identifies adventitial myofibroblast accumulation and ␣-actin production as a critical component of adaptation to increased intramural stress. Associated with the adventitial reorganization is an impaired ability for the vein graft to outwardly remodel. Recent clinical investigations have identified this outward expansion of vein grafts, in response to increased surface shear stress, to be important in maintenance of luminal cross-sectional area in the face of a developing neointima (29) . Wall stress-induced recruitment of myofibroblasts may impede this process and predispose these conduits to early vein graft failure.
A central role for CTGF has been established in the process of wound healing and tissue remodeling (3). Although TGF-␤ has been recognized as one of the dominant regulators of CTGF expression, mounting evidence suggests that mechanical stimuli are important and independent mediators of CTGF. Recent investigations utilizing gene array approaches to define the fibroblast response to a mechanical load have identified CTGF as among the most highly responsive genes (19, 34) . Examination of the CTGF promoter region has identified an element homologous to a core sequence, termed the stretchresponsive element (GAGACC) (32) , which may be involved in a direct regulation of CTGF expression by the application of increased intramural wall stress in our model. These observations interface nicely with recent data examining the influence of CTGF on adventitial fibroblast phenotype (22) . After exposure to CTGF, fibroblasts demonstrated a TGF-independent increase in the myofibroblast marker, ␣-actin content. Our data demonstrate that upregulated TGF-␤ 1 and CTGF are accompanied by significantly higher adventitial cellularity but similar cell death and proliferation in vein grafts compared with fistula veins, supporting the concept that TGF-␤ 1 and CTGF produced by adventitial cells facilitate the recruitment of perivascular fibroblasts to the graft wall. This in vivo study not only confirms the in vitro findings described above but it also suggests a novel mechanism by which the loaded wall stress regulates vein graft remodeling through modulation of profibrotic growth factor-mediated cellular events and structural reorganization in the adventitia. Coupled with our data establishing a positive effect of these growth factors on ␣-actinpositive cell migration, CTGF and TGF-␤ 1 appear central to the process of adventitial adaptation after vein graft implantation and may provide a suitable target for inhibition of stenosis and subsequent failure. In summary, we provide direct evidence that levels of TGF-␤, CTGF (mRNA), and ␣-actin in the adventitia correlate inversely with outward remodeling in the graft, supporting the concept that increased intramural wall stress following vein graft implantation induces a CTGF-and TGF-␤-mediated recruitment of adventitial fibroblasts and a conversion to myofibroblast phenotype. Although important in the maintenance of wall stability in the face of an increased mechanical load, this adventitial adaptation limits outward remodeling of the vein conduit and, if unchecked, may prove deleterious in maintaining long-term vein graft patency.
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